Using the method previously described, the time-varying strengths of 12 dipoles (representing the depolarization of the ventricles) were calculated from body surface potential measurements. Dipole activities (DA) were obtained for each dipole by time integration of its strength.
recently been emphasized by Selzer.' Such information is of particular importance in cases of chronic cardiac overload, since it permits estimation of the severity and stage of the disease. Ventricular hypertrophy indicates a serious degree of increased cardiac work load and often provides a reason for more aggressive therapy. In principle the diagnostic capability may be used subsequently to evaluate therapeutic intervention.
Standard electrocardiography (ECG) and vectorcardiography (VCG) provide the clinician with useful clues to aid the diagnosis of hypertrophy. The favorable characteristics of these methods are clear, namely that the methods require only simple equipment, only a few minutes of the patient's and technician's Abbreviations: AI = aortic incompetence; AS = aortic stenosis; AP = angina pectoris; ASD = atrial septal defect; IHSS = idiopathic hypertrophic subaortic stenosis; INF = myocardial infarction; IMD = idiopathic myocardial diseases; MI = mitral incompetence; MS = mitral stenosis; PDA = patent ductus arteriosus; PH = pulmonary hypertension; PS = pulmonic stenosis; SE = Starr-Edwards valve; TI = tricuspid incompetence; TS = tricuspid stenosis; VSD = ventricular septal defect. time, and are completely atraumatic, so that even the most critically ill patient can tolerate the procedure. The unfavorable characteristic of the method is that it often fails. Later in this paper we shall discuss this point quantitatively, but at this point we may quote Simonson and associates :2 "there is agreement that the diagnostic accuracy of the ECG is poor either because of a low percent of correct diagnostic, a high percent of false positive diagnoses, or both." Thus, any ECG method offering hope of an improvement in diagnostic ability should be vigorously pursued. In our preceding paper3 we described the method of making multiple dipole electrocardiograms (MDECG) which should in theory be a fundamental improvement over conventional ECG methods. In the present paper we shall use the MDECG in the Circulation, Volume XL, November 1969 diagnosis of left ventricular hypertrophy (LVH) and shall present evidence that the theoretical advantages of MDECG are indeed translated into practice.
The diagnosis of LVH, however, is a simplified concept, implying the existence of a sharp line of demarcation with normals lying to one side and abnormals to the other. In actuality, left ventricular muscle weights (LVMW) cover a continuous spectrum ranging from subnormal at one end to severely hypertrophied at the other. Thus, the diagnosis of LVH is a special aspect, and the quantitation is a more general aspect, of the task of evaluating the left ventricular (LV) condition. Studies by Dodge4 indicate that if one knows LVMW one can usefully predict various parameters of LV performance such as LV stroke work and end-diastolic volume. Abbreviations: A-V atrioventricular oxygen difference; RVSP and LVSP = right ventricular and left ventricular systolic pressure; EF = ejection fraction; LVMV, LVDV, and LVSV = left ventricular muscle weight, diastolic volume, and systolic volume.
Much of this paper will therefore concern the estimation of LVMW.
The present dipole set reflects the normal depolarization directions, and thus patients with bundle-branch blocks are excluded from the present study. We expect to be able to develop a dipole set that will give meaningful results on such patients.
Methods
The basic series for this study consists of all adult male patients for whom both MDECGs and LVMW measurements were available in January 1969, excluding only patients with bundle-branch blocks. Seventy-two patients remained with a variety of cardiac disorders and with ages ranging from 17 to 70 years (table 1).
All patients had undergone routine clinical evaluation, ECG, and cardiac catheterization, during which hemodynamic data and biplane angiograms were obtained. Sixty-three had Franklead VCGs. LV volumes were obtained from quantitative biplane angiograms using the method of Dodge and co-workers,5 and LVMWs were obtained by the method of Rackley and associates.6 LVH was defined as LVMW greater than 2 standard deviations above the mean Circulation, Volume XL, November 1969 LVMW for adult male subjects, as determined by Kennedy and others.7 On this basis, 53 of our patients had LVH, and 19 did not. Table 2 lists the hemodynamic and angiographic data.
Potential recordings were made at 126 body surface sites for each patient and were used to derive the 12-dipole ECG, using the method described in the preceding paper.3
The basic series of 72 patients was inhomogeneous, and it was desirable also to select a more homogeneous subgroup. Included in the basic series were 30 patients with isolated aortic valve disease, forming a "pure LVH" subgroup. Since MDECG data vary systematically with age,3 it is also relevant to note that 27 of these patients were more than 25 years of age. We shall present results for this homogeneous subgroup as well as for the complete series. The clinical, hemodynamic, and angiographic data on the pure LVH subgroup appear first in tables 1 and 2. _-consistent sequence of dipole onset, varying slightly from that found in normal subjects3 in that two of the dipoles are activated earlier. Table 3 shows the DAs found for the individual patients in the pure LVI subgroup. For comparison, the means and standard deviations found for sedentary normal subjects are given at the bottom of the table. It can be seen that in most of these patients the LVDAs are substantially higher than normal.
Dipole Results

\~Diagnosis of Left Ventricular Hypertrophy
Previous Work Using ECG or VCG Numerous criteria based on the standard ECG or VCG have been proposed for use in diagnosing LVH, and several studies have been made in which the performances of the criteria were measured.2i 20 The performance of a criterion for some condition is judged in terms of two quantities:
. . I TIME Figure the major part of the QRS complex. Dipole strengths for a typical normal subject are also shown in figure 1 . The patient's dipole strengths are higher, and the times during which the dipoles are "on" are longer; both of these features are as expected for hypertrophied muscle segments. Note, however, that this patient's right ventricular (RV) dipoles behave normally.
The dipole strengths are conveniently discussed in terms of the timing, and the area under the strength versus time curves is referred to as "dipole activity" (DA). In 12 Hatam et al. 13 Reeve et al. 14 Borun et al. 15 
Dower and Horni6
Romhilt et al. 17 Romhilt Where ni = number of cases in which the criterion is exceeded and the presence of the condition is independently confirmed, n2= total number of cases in which the presence of the condition is independently confirmed, n3= number of cases in which the criterion is not exceeded and the absence of the condition is independently confirmed, and n4= total number of cases in which the absence of the condition is independently confirmed. Thus sensitivity and specificity might alternatively be called the "true positive" and the "true negative" percentage, respectively. The assessment of performance in this way clearly involves two groups of subjects, a patient group in which the presence of the condition is confirmed by independent means and a control group in which its absence is independently confirmed. In a number of studies measurements were made only on a single group of subjects, and all of them exceeded the criterion. Such work, however, cannot be used to assess a criterion according to the ideas just listed.
Although the two quantities defined give important information, it is desirable to have a single number to summarize the performance of a criterion. One possibility is as follows:
Performance score = ( X2) (sensitivity + specificity).
If the numbers of individuals in the patient and control groups are equal, the performance score is the percentage of correct diagnoses (both correct positive and correct negative).
In table 4 we quote the sensitivity, the specificity, and the performance scores for 48 ECG or VCG criteria (not all different determined by the 13 groups of authors included in the present survey. Since ECG or VCG criteria have recently been reviewed by Dower and associates,21 we shall conserve space by not detailing them here.
However, we note that a wide variety of criteria has been used. Some were based on Circulation, Volume XL, November 1969 the QRS, some on the T wave, and several were combination criteria, such as the pointscore method of Romhilt and Estes.18 Unfortunately, as Selzer' has pointed out: "Sensitivity and specificity of the various ECG criteria vary inversely with each other: criteria of high specificity for a given diagnosis will have low sensitivity, so that many cases will be missed; highly sensitive criteria are apt to pull in a great many false-positive diagnoses." The numbers from table 4 are plotted as solid circles in figure 3 , where the tendency mentioned by Selzer can be clearly seen. The diagonal lines are isoperformance lines; points on the same diagonal line are of approximately equal diagnostic value. The effect of adjusting the upper limit of normal on one criterion was investigated by Baxley and associates. 19 The result was to move the point diagonally on figure 3 , leaving the performance unchanged.
The best performance, 81%, was obtained by Romhilt and associates17 using the maximum VCG component in the transverse plane. spatial QRS vector of the VCG to predict abnormal increase in LV systolic pressure and obtained a performance of 80%. Reeve and co-workers14 used the same method but only obtained a performance of 66%. In general, simple criteria (such as S in V1 + R in V5 or V6) perform as well as more complicated combinations of criteria.
Most of the authors surveyed concluded that diagnosis of LVH using the ECG or the VCG leaves much to be desired. Since the results summarized in figure 3 and table 4 are based on a wide variety of ECG or VCG criteria and since many research workers have applied their best efforts to this problem, it appears that the fundamental theoretical limitations of the standard ECG or VCG22 imply a ceiling on performance for LVH diagnosis of approximately 80%.
ECG or VCG in Present Series
Using our series of 72 patients, we have evaluated several ECG or VCG criteria or both. These were selected from those which are widely used in clinical practice, together with those giving the best performance when applied by other researchers (table 4 ). The criterion used by Romhilt and associates,'7 using the maximum VCG component in the transverse plane, was not evaluated, since it was assumed to be very similar to the maximum spatial vector. The criteria evaluated and the results are listed in table 5. The sensitivities and specificities found are plotted as open circles on figure 3 . It can be seen that the performance we obtained is similar to that obtained by others.
MDECG Diagnosis
Theoretically,23 24 the total activity of the dipoles in the septum and left ventricle (LVSDA) should be proportional to the LVMW and thus is most likely, a priori, to be useful in diagnosing LVH. In the preceding paper3 we established normal ranges for the DAs, based on a series of adult male sedentary subjects. We selected an LVSDA criterion in the same way that the LVMW criterion was chosen by Kennedy and associates,7 that is, 2 standard deviations above the mean. In this way the LVSDA criterion was fixed to be 2.21 microampere-meter-seconds. After establishing this criterion, we can apply it to the present series to predict the presence or absence of LVH. We find that 52 of the 53 patients with hypertrophy also have hyperactivity, whereas 16 of the 19 patients with normotrophy have normo-activity. Thus, sensitivity is 98%, specificity is 84%, and performance 91%. This result is plotted as a cross on figure 3 and is included in table 5. Small changes in the LVSDA criterion change the sensitivity and specificity in such a way as to keep the performance approximately constant.
Quantitation of Left Ventricular Hypertrophy
Much of the material in this section will concern correlations. The strength of a correlation is usually communicated by giving the correlation coefficient, r. However, we shall Pable 5 three ECG quantities correlating with angiographic mass with r2 values above 25%, the best r2 value being 30%. These -results are consistent with those of Carter and Estes. 26 Hugenholtz and Gamboa'0 studied the correlation between the maximum spatial QRS vector (Frank system) and LV systolic pressure in children with pure congenital aortic stenosis. In a series of 50 patients, they found an r2 value of 72%. However, Reeve and co-workers,14 using similar methods, obtained an r2 value of 23% in a series of 28 children. Hatam and associates,13 also working with children, reported that "no statistically significant correlation was found between any one of the ECG criteria and the degree of hypertrophy in the LV wall." Dower and Horn'6 found "moderate" correlations between autopsy data and VCG measurements, r2 being close to 25% for four correlations.
Diagnosis of Left Ventricular Hypertrophy and Quantitation with Present Series of Patients
ECG or VCG in Present Series
The ECG or VCG quantities in table 5 were tested for their ability to quantitate LVH by studying their correlation with angiographic LVMW. The coefficients of determination for the various criteria are listed in table 5 . For the full series of patients, the best value of r2 for an ECG criterion was 35% and for a VCG criterion was 59%. The results for the subgroup were mostly worse than for the full series, in agreement with the finding of Baxley and associates'9 and Carter and Estes.26 Thus the conventional ECG or VCG cannot be said to be successful in quantifying LVMW. Figure 4 shows LVSDA plotted against angiographic LVMW for the 72 patients in the series. It is clear that there is an excellent Circulation, Volume XL, November 1969 correlation between the two quantities: r2 is 86%, and the standard error of the LVMW estimate (SEE) is + 49 g.
MDECG Quantitation
We have noted that this series of patients is inhomogeneous, and it was of interest to investigate the correlation for a more homogeneous subgroup, that is, the 27 patients over 25 years of age with pure LVH. For these we obtained an r2 of 92% and SEE for LVMW of + 31 g, the data being plotted in figure 5 . This is marginally better than for the complete series and is as expected for a more homogeneous subgroup. This contrasts with our experience, mentioned above, with the standard ECG or VCG.
Discussion
In interpreting the standard ECG or VCG, the heart is usually regarded as a single dipole and the electrical properties of the thorax are either ignored or treated as homogeneous. The idea behind the present study was to see whether a more realistic model of the electrical source and the electrical thorax would lead to improved results in the diagnosis and quantitation of LVH. It was predicted theoretically23' 24 that the DA in various regions of the heart would be proportional to the amount of viable myocardium in that region. This prediction was the basis for all the above material on diagnosis or quantitation of LVH using the MDECG. Thus the use of MDECG for diagnosis or quantitation is on a much more rational basis than the use of empirical ECG or VCG criteria.
Diagnosis
On the basis of these results, it appears that the MDECG offers significant improvement over conventional ECG or VCG technics in the diagnosis of LVH. Furthermore, we would emphasize that the series of 72 patients had received a variety of primary diagnoses, including right ventricular hypertrophy (RVH) and myocardial infarction. Thus, our diag-noses of LVH were obtained in the presence of these other conditions, which is the situation encountered in clinical practice. However, patients with bundle-branch blocks were excluded from the series. (We expect that our technic can be modified to reveal LVH in such patients, but this has not yet been accomplished.)
Quantitation
The results shown in figure 4 for the inhomogeneous series of 72 patients and in figure 5 for the more homogeneous subgroup of 27 patients show that the MDECG enables us to estimate LVMW to within + 49 g for the complete series and to within ± 31 g for the subgroup.
In obtaining these figures we have used quantitative LV angiography as a standard. More realistically, we should regard the angiograms as a method of estimating LVMW. This method, like all others, is subject to error. This error compounds with that introduced by the MDECG method to give the overall figures quoted above.
The accuracy of quantitative biplane angiography in estimating LVMW has been determined to be ±32 g in a series of 26 patients with a variety of lesions.27 Adjusting for this error contributed by the angiograms, we obtain an SEE of ± 37 g for the accuracy of the MDECG estimate of LVMW in an inhomogeneous group of patients. Some of the uncertainties in the arguments cited might be resolved if a study were made correlating the MDECG predictions of LVMW with autopsy measurement rather than with angiographic measurements. Unfortunately, such a study is not presently feasible, since the MDECG is not an established clinical technic routinely applied to large numbers of patients. Furthermore the postmortem LVMW is itself just an estimate of in vivo LVMW. It is subject to uncertainties such as those discussed by Levine and co-workers28 which would compound, as before, with those from the MDECG technic.
In many of the pure LVH patients, the RVDAs, as well as the LVDAs, were elevated. The question arises whether this is an artifact or whether it is correctly revealing the condition of the RV. In the following paper29 we shall present evidence for the latter point of view. Here we will simply note that the result is not unreasonable, since many of the LVH patients had chronic RV overload secondary to LV failure. A decline of surface potentials is recognized with age, 30 and it has been customary to divide patient populations at age 25.31 In the preceding paper3 we established a declining relationship between the DAs and age in normal subjects. Thus, in studying abnormal MDECG's, it seems advisable to take into account the age of the patient. This was the reason for excluding data on the three younger patients with pure LVH from figure 5. It would be satisfying to be able to make an age correction to the LVSDA on the basis of a theory of what underlies the age effect. However, no such theory exists at present.
The above results were all based on a linear correlation between LVSDA and LVMW. We have not attempted to improve the correlations by expanding the number of free parameters or by using exotic functions in the estimating equation, since at present we have no theoretical justification for doing so. Doubtless marginal improvements in the correlations could be made, but only at the expense of sacrificing the rational approach we have tried to maintain. On a mathematical level, it is possible to regard the dipole strengths simply as a parameterization of the surface potential data. Ideally it must be established that the anatomic labels we give to the dipoles are significant, that is, that the behavior of the dipole in a particular location correctly reflects the behavior of that segment of myocardium.
The correlation of the LVSDA with angiographically determined LVMW provides some positive evidence that this is so, and our experience, to be reported later in RVH29 and myocardial infarction patients, tends to confirm this. Thus, we believe that the MDECG is rather accurately revealing the electrical activity of segments of the myocardium. Circulation, Volume XL, November 1969
